Abstract-A broadband circularly polarized antenna array is proposed in this paper. The array consists of four sequentially rotated feed groove-backed strip antennas. Compact size (46 mm×46 mm×1.6 mm), wide impedance bandwidth (4.62-9.92 GHz), and wide 3 dB axial ratio bandwidth (4.48-8.52 GHz) can be observed. The measured peak gain is 7.5 dBi at 8.2 GHz, and good agreement between the simulated and measured results can be achieved.
INTRODUCTION
Due to the advantages of being robust to multipath fading [1] , higher gain [2] , and improvement in radiation performances [3] , circularly polarized array antennas are widely used in modern wireless communication systems such as satellite, radar, and mobile communication. However, it is always a challenging task for circularly polarized antenna arrays to achieve broad bandwidth with compact size, simple structure, and light weight.
Among all the circularly polarized antenna array designs, sequentially feed array is very attractive, because it can obtain a wide axial ratio with a simple structure [4] . In [5] , the circularly polarized square-slot antenna array designed by using sequential rotation feed structure can achieve an impedance bandwidth of 51.9% and an axial ratio bandwidth of 31.4%. In [6] , a non-resistive series (sequential rotation) feed network is used to form a compact circularly polarized microstrip antenna array for airborne communication. The final impedance bandwidth is 22.4%, and the 3 dB axial ratio bandwidth is only 6.8%. Sequentially rotated feed technology is also used in [7] to form a broadband circularly polarized slot antenna array with an impedance bandwidth of 52% and an axial ratio bandwidth of 52%. A sequentially phased network is applied in [8] , and a broadband directional circularly polarized antenna array with an impedance bandwidth of 40% and an axial ratio bandwidth of 36.6% can be achieved. In [9] , a similar feed network is used to design a circularly polarized corner-truncated patch array antenna, and the array can obtain a 39% impedance bandwidth and a 27.6% axial ratio bandwidth. In [10] , sequentially rotated series-parallel feed is used to realize a 31.1% axial ratio bandwidth based on a circularly polarized array of super-surfaces.
In this paper, a sequentially rotated feed circular polarized antenna array with broadband performances is proposed. According to the experimental results, the −10 dB impedance bandwidth is 72.9% (4.62-9.92 GHz), and a 3 dB axial ratio bandwidth is 62.2% (4.48-8.52 GHz). The paper is arranged as follows. In Section 2, a broadband circularly polarized antenna element is designed in detail. In Section 3, the element is used to form a four-element antenna array. The array is fabricated and measured in Section 4. Finally, conclusion is made in Section 5.
ANTENNA ELEMENT DESIGN
The proposed antenna element is shown in Fig. 1 . The antenna is mounted on a 1.6 mm thick FR4 substrate (ε r = 4.4, loss tangent of 0.02). The ground plane with a circular groove is set at the back of the substrate. The feed structure is based on a rectangular strip. In order to miniaturize the antenna and realize circular polarization performances, two trapezoidal strips are attached to the rectangular strip. Two symmetrical rectangular slots are extended from the circular groove, and the axial ratio of the element can be further increased. The total size of the antenna is 18 × 18 × 1.6 mm 3 , and the detailed parameters of the antenna are listed in Table 1 . Table 1 . Detailed values of the antenna parameters (mm).
The design process of the antenna element is divided into three steps ( Fig. 2 ): In step 1, the antenna consists of a ground plane with a circular groove, and a simple feeding structure contains a rectangular strip with two subsidiary rectangular branches. In step 2, the two subsidiary rectangular branches are replaced by two trapezoidal branches. In step 3, two symmetrical rectangular slots are extended from the circular groove. The structures from steps 1-3 are simulated by using the High Frequency Structure Simulation (HFSS ) software version 15.0 (Ansys Corp.). The simulated impedance bandwidth and axial ratio bandwidth curves are shown in Fig. 3 . For Antenna 1, the impedance bandwidth is 5.81-8.76 GHz, and the axial ratio bandwidth is 5.83-7.83 GHz. The two rectangular branches are used to obtain circularly polarized performances. For Antenna 2, the impedance bandwidth is 5.24-8.1 GHz, and the axial ratio bandwidth is 5.02-6.74 GHz. By changing the shape of the two branches, the band shift to lower frequency and the size of the antenna can be miniaturized accordingly. For Antenna 3, the impedance bandwidth is 5.1-7.88 GHz, and the axial ratio bandwidth is 5-7.78 GHz. When Antenna 1 is transformed to Antenna 2, the impedance bandwidth and axial ratio bandwidth shift to the lower frequency. When Antenna 2 is changed to Antenna 3, the impedance bandwidth shifts slightly, while the impedance bandwidth is almost unchanged, but the axial ratio bandwidth becomes much wider. So the two extended slots can be used to enhance the circular polarization performances. Figure 4 shows how the radius of the circular groove (R1) affects the impedance bandwidth and axial ratio bandwidth. It can be found that as R1 increases, the lower frequency of impedance bandwidth gradually shifts to the higher frequency; meanwhile, the lower frequency of the axial ratio bandwidth also gradually shifts to the lower frequency; however, the upper frequencies of the impedance bandwidth and axial ratio bandwidth are nearly unchanged. Considering the impedance bandwidth and axial ratio bandwidth, the final R1 is chosen as 7 mm.
By setting the observation plane about 12.5 mm above the top surface of the antenna, the electric field vector at 6 GHz can be observed. As can be seen in Fig. 5 , the electric field vector rotates counterclockwise, which indicates that the antenna performs right-handed circularly polarized (RHCP) radiation. Figure 6 shows the geometry of the proposed 2 × 2 array. The feed network is an open square ring. The four elements are arranged in a sequentially rotating configuration and connected to the feed network by four rectangular strips located at the four corners. The proposed array has an overall size of 46 × 46 × 1.6 mm 3 . The detailed configurations of the array are listed in Table 2 . Figure 7 is a schematic diagram of the feed network. Port 1 is the input terminal, and Port 2, Port 3, Port 4, and Port 5 are the four output terminals connected with the four elements. Z0 represents the characteristic impedance (50 ohm), and Z1, Z2, and Z3 represent the impedances of the quarterwavelength strips (Line 1, Line 2, Line 3, Fig. 6 ), respectively. Z4 is the impedance of the output terminal. Ports 2 to 5 are located as shown in Fig. 6 . When the phase at Port 2 is set as deg (phase reference), the phase differences of deg-90 • , deg-180 • , and deg-270 • will appear at the output Ports 3 to 5, accordingly. 
ARRAY DESIGN

MEASUREMENT AND RESULTS
In order to study the performance of the array in practical applications, the antenna array is fabricated (Fig. 8) and measured by using Agilent N9918A in an anechoic chamber. As shown in Fig. 9 , the measured impedance bandwidth agrees well with the simulated results. The simulated −10 dB impedance bandwidth is from 4.61 GHz to 10.15 GHz, while the measured −10 dB impedance bandwidth is from 4.62 GHz to 9.92 GHz. The differences are mainly due to dielectric loss and manufacturing error. The simulated and measured radiation patterns at 5.8 GHz in xz-plane and yz-plane are plotted in Fig. 11 . As can be seen from this figure, RHCP radiation is in the +Z direction, and LHCP radiation can be observed in the −Z direction. Figure 12 shows the simulated and measured maximum gains of the array antenna. It can be seen from this figure that the measured maximum gain is 7.5 dBi at 8.2 GHz.
Figure 12.
Simulated and measured gains of the array. Figure 13 shows the surface current distribution of the array at 5.8 GHz. It can be observed that the direction of the vector sum of surface distributed currents on the radiating element is rotated counterclockwise. The results show that the proposed array exhibits right-handed circular polarization (RHCP) in the +z direction. Also coupling between antenna elements can be found (the distortion of current distribution between antenna elements). This explains why the array has a wider bandwidth than the single element. The proposed array has also been compared with some recently published four-element circular polarization arrays. From Table 3 , we can found that the array is compact in size. Because of the one-layer structure, the array also has a low height. The array shows wide impedance bandwidth and AR bandwidth performances, which are very attractive for high speed data transmission. Considering the small size of the array, the gain is also acceptable. 
CONCLUSION
A sequentially fed circularly polarized antenna array with broadband performances is proposed in this paper. According to the measured results, for the four-element array the measured −10 dB impedance bandwidth is 72.9% (4.62-9.92 GHz), and 3 dB axial ratio bandwidth is 62.2% (4.48-8.52 GHz). The compact size, simple structure, wide band performances, acceptable gain, and other radiation performances show that the array is suitable for modern wireless communication systems.
